The presence of antibodies against Toxoplasma gondii and Neospora caninum were analyzed in 392 sheep sera from ten Costa Rican ovine flocks using indirect immuno-enzymatic assays. Additionally, general information about sheep management, environment, and clinical reproductive disorders was assessed through a questionnaire to inquire factors related to these apicomplexan parasites. A total of 161 (41.1%) serum samples reacted positive to T. gondii, 43 (10.9%) to N. caninum and 26 (6.63%) to both parasites. Toxoplasma gondii serorreactors were detected in all the analyzed flocks (100.0%), meanwhile N. caninum antibodies were found in nine flocks (90%), from the six Costa Rican regions. Factors associated with T. gondii were the co-presence of cattle (OR = 5.06; C.I.95%; 2.08-12.30; p: b0.001), grey foxes (Urocyon cinereoargenteus) and opossums (Didelphis marsupialis) (OR = 2.44; C.I.95%; 1.50-3.95; p: b0.001) inside or around the farms, and the presence of peccaries (Tayassu sp.) (OR = 0.35; C.I.95%; 0.16-0.74; p: 0.0058) was a variable associated with N. caninum seropositivity. The obtained results of T. gondii and N. caninum infections in sheep flocks from Costa Rica should be considered for the proper prevention and control strategies against these apicomplexan abortive parasites.
Introduction
Toxoplasma gondii and Neospora caninum are two closely related obligatory apicomplexan parasites associated with reproductive disorders in ruminants, including sheep (Ovis aries), causing embryonic reabsorption, mummification, abortion, stillbirth and neonatal losses, leading to substantial economic losses in livestock production (Dubey, 2009; Reichel et al., 2013) . Particularly, T. gondii plays a considerable zoonotic role, especially through the consumption of ruminant-infected raw or undercooked meat or milk, which was demonstrated to infect humans (Tenter et al., 2000) .
Toxoplasmosis and neosporosis are both cosmopolitan diseases: seroprevalences in sheep flocks from different global areas have been reported using different diagnostic methods in numerous investigations during the last decade (Bártová et al., 2009; Rossi et al., 2011; Moreno et al., 2012; Liu et al., 2015) . In Costa Rica, seroprevalences of T. gondii have been reported in cattle (34.4%; Arias et al., 1994) , dairy goats (62.1%; Villagra-Blanco et al., 2018) and even humans (76%; Arias et al., 1996) . In the same way, the presence and seroprevalences of N. caninum have been described in Costa Rican goats (6.1% -7.9%; Dubey et al., 1996; Villagra-Blanco et al., 2018) , dairy cattle (43.3%; Romero-Zúñiga et al., 2005) and dogs (48.4%; Palavicini et al., 2007) .
Several studies worldwide have mentioned that areas with high number of oocysts contamination, communal water supplies, pasturing systems, herd size and animal feeding habits were potential risk factors linked to exposure and infection with T. gondii and N. caninum in sheep (Klun et al., 2006; Tzanidakis et al., 2012; Hamilton et al., 2014; Gazzonis et al., 2015; Liu et al., 2015; Maganga et al., 2016) . In Costa Rica, factors related to neosporosis in dairy cattle included age, breed, parity of the dam and the lack of purposive sampling to diagnose abortive infectious disease (Romero et al., 2002) . Moreover, the contact of goats with dogs, cats, and even wild animals has been recently reported as variables associated with toxoplasmosis or neosporosis in Costa Rican caprine flocks (Villagra-Blanco et al., 2018) .
This study aimed to determine the seroprevalence of T. gondii and N. caninum in sheep flocks from Costa Rica and to identify possible variables associated with seropositivity for these abortive protozoan parasites.
Materials and methods

Ethic statement
The present study was conducted under the protocols established by the Animal Welfare Board (Comisión de Bienestar Animal) of the Universidad Nacional (Heredia, Costa Rica) and adhered to the legal requirements of the Animal Welfare Law (Ley 7451, Ley de Bienestar Animal of Costa Rica).
Study population
The analyzed flocks were used commercially to produce tropical hair breed lambs (100%) and these animals were maintained under semi-intensive conditions (80%). The sampled sheep breeds were Dorper (30%), Kathadin (30%), Pellybuey (10%) and mixes (30%) from these and other breeds including Blackbelly, Texel, Suffolk, and Santa Ines. No commercial milk production was recorded. The different flocks were registered in the database of the Small Ruminant Program, National Animal Health Service (SENASA) of Costa Rica or affiliated to independent local ovine associations.
The sample size was calculated according to data published by the National Institute of Statistics and Census (INEC) of Costa Rica in 2014, which reported a population of 35.800 sheep distributed in 1792 flocks. The estimation of the representative sample population in each region and for each pathogen was performed with Win Episcope 2.0 (Thrusfield et al., 2001 ). As no previous serological studies were available about the infections caused by both parasites within the Costa Rican sheep population, expected anti-T. gondii (40%) and anti-N. caninum (5%) prevalences were estimated with 95.0% confidence level using Win Episcope 2.0 (Thrusfield et al., 2001) . The analyzed population consisted of 392 sheep from farms sampled nationwide as part of the surveillance program against brucellosis during (Hernández-Mora et al., 2017 . The Cannon and Roe's (1982) formula was used to determine the sample size to determine presence or absence of disease inside each flock (5% expected prevalence at 95.0% confidence level). This research was conducted in ten Costa Rican sheep flocks, randomly selected, willing to participate on a voluntary basis. The analyzed flocks were chosen according to proportional allocation: Central Region (three flocks), North Huetar Region (two flocks), Central Pacific Region (two flocks), and one in the other regions (Atlantic Huetar, Chorotega, and Brunca). The selection of the sampled animals inside each flock was randomly performed, but only adult animals (older than eight months) were considered.
Sample collection and survey
The blood sampling was performed by bleeding from the jugular vein using BD Vacutainer® 22G × 1″ needles with their respective plastic cap, adjusted to 6 ml vacuum tubes for serum (without anticoagulant). Tubes were transported in coolers keeping a temperature between 5 and 10°C. In the laboratory, the samples were centrifuged for 8 min at 3500 ×g. Serum was isolated and frozen at −20°C until further use. A questionnaire was conducted to the farmers to assess possible factors associated with N. caninum and T. gondii serostatus. Information was asked concerning housing conditions, management, animal feeding habits, lamb husbandry, abortions, reproductive disorders, the presence of other domestic animals on the farm, and contact with surrounding wildlife animals.
Enzyme-linked Immunosorbent Assay (ELISA)
The detection of specific antibodies in the sheep serum samples against these protozoa were performed using the IDScreen® Toxoplasma gondii and Neospora caninum Indirect Multispecies ELISAs, from IDVet® (Montpellier, France). According to Proctor et al. (2008) and Reichel et al. (2008) , these assays reported high sensitivity (T. gondii: 100%; N. caninum: 99.6%) and specificity (T. gondii: 100%; N. caninum: 98.8%) in ovine sera. The samples were processed according to the manufacturer's protocol. For validation, the average of the optical densities (OD) of the positive controls and the difference between averages of ODs of positive and negative control sera were calculated. Serum Positive Percentages (S/P) were calculated using the optical density data from the different serum samples and the average of the optical density of the positive control sera, using the formula: S/P = (OD of sample × 100): (average OD of positive control). As recommended by the manufacturer, the serum samples with S/P percentages b 40% were considered as negative; samples with S/P values between 40 and 50% were scored as inconclusive (considered negative in this study) and sera with S/P values N 50% were determined as positive.
Statistical analysis
The overall and specific within-herd seroprevalences with 95% confidence intervals were assessed; besides, frequencies of the general characteristics and management conditions inside each sheep flock were estimated. Factors associated with T. gondii and N. caninum were evaluated by odds ratio (OR) estimation, the sheep flock served as the random variable. We used a nonconditional logistic regression for each agent in two steps; first, the univariate analysis was performed for each independent variable. Variables with p ≤ 0.25 were retained and selected for the multivariate logistic regression model performed by a step-wise backward elimination (Hosmer and Lemeshow, 2005) , which was evaluated by likelihood ratio tests. The data were analyzed using EGRET for Windows version 9.2 (Cytel Software Corporation). 
Results
From a total of 392 serum samples analyzed, 161 (41.1%) reacted positively to T. gondii, 43 (10.9%) to N. caninum and 26 (6.6%) to both parasites. Seropositive animals to T. gondii were detected in all flocks, meanwhile N. caninum antibodies were detected in 90% of the sheep farms (Fig. 1) . Seropositive animals to both agents were detected in nine flocks along all regions in Costa Rica (Table 1 ). All the analyzed flocks reported the presence of other domestic species, such as cats (70%), dogs (70%), poultry (70%), goats (60%), horses (60%), cattle (40%) and swine (30%).
The risk factor analysis revealed that stillbirth and neonatal losses in the flock (OR = 3.17; C.I.95%; 1.45-7.08) represented a risk factor for N. caninum, meanwhile, the presence of cattle inside the ovine flocks (OR = 1.60; C.I.95%; 1.02-2.51) and the occurrence of grey foxes (Urocyon cinereoargenteus) and opossums (Didelphis marsupialis) around the farms (OR = 2.63; C.I.95%; 1.11-6.48) were found as risk factors associated with T. gondii. Further, the presence of wild tropical peccaries (Tayassu sp.) around the farms (OR = 0.31; C.I.95%; 0.14-0.68) were identified as a protective factor for N. caninum, meanwhile the presence of goats inside the farms (OR = 0.49; C.I.95%; 0.25-0.97/OR = 0.44; C.I.95%; 0.28-0.69) was determined as a protective factor for both parasites (Table 2a) .
After the backward process, the final multivariate logistic regression model for N. caninum kept the presence of wild tropical peccaries (OR = 0.35; C.I.95%; 0.16-0.74; p: 0.0058) as a protective factor. Additionally, the risk variables remained for T. gondii: the co-existence with bovines (OR = 5.06; C.I.95%; 2.08-12.30; p: b0.001) and the presence of grey foxes and opossums around the farms (OR = 2.44; C.I.95%; 1.50-3.95; p: b0.001) (Table 2b ).
Discussion
The seroprevalence obtained for T. gondii (41.1%) was higher than that published by Caballero-Ortega et al. (2008) (29.1%) in western Mexico using indirect Immunofluorescence assay (IFAT) or by Gondim et al. (1999) (18.75%) in Brazil through latex agglutination test, but lower than those reported by Hamilton et al. (2014) in sheep from Dominica (67%), Grenada (48%), Montserrat (89%) and St. Kitts and Nevis (57%) through an in house-ELISA. Despite these differences, the authors agreed, that sheep could be used as sentinels for the detection of environmental contamination of soil, water, and vegetables with infective protozoa oocysts (including T. gondii), particularly because of their feeding behavior. Sheep are grazers with a higher risk to ingest pathogens located close to the ground (including apicomplexan oocysts) which can be later transmitted to other intermediate or definitive hosts (Gazzonis et al., 2016) .
On the other hand, the ovine seroprevalence of N. caninum worldwide varied from 0% to 64% depending on the serological test and the cut-off employed, but also on age, breed, gender and management of the sheep (Dubey et al., 2017) . The ovine N. caninum Codes: OR = odds ratio; IL = inferior limit; UL = upper limit; CI = confidential interval.
seroprevalence obtained in this study was 10.9%, close to the percentages detected by Sharma et al. (2015) (13%) in Grenada (Caribbean West Indies) and Panadero et al. (2010) (10.1%) in Northwest Spain using indirect and competitive ELISA respectively. In the same way, the N. caninum seroprevalence detected here in Costa Rican sheep were similar to that reported by Figliuolo et al. (2004) (9.2%) and Romanelli et al. (2007) (9.5%) in Brazilian sheep flocks analyzed through IFAT, but clearly different from data mentioned in other Latin American studies, e.g. Patarroyo et al. (2013) (78.6% by DOT-ELISA) in Colombia or Hecker et al. (2013) (3% by IFAT) in Argentina. The only N. caninum seronegative flock applied a rigorous protocol for controlling bovine neosporosis and was located in a high volcanic area of the Central Region (2270 m; average annual temperature: 13.6°C); pointing out that altitude and temperature differences within areas might explain serological differences, since warm zones promote higher seroprevalences and oocysts sporulation than colder ones (Figliuolo et al., 2004) . In any case, our findings provide the first evidence of N. caninum and T. gondii infections in sheep flocks from Costa Rica. The results observed in the univariate analysis determined that ovine neosporosis was related to stillbirth and neonatal losses in the flocks. Although there is a weak relationship between abortions in ewes and ovine neosporosis, its occurrence has been strongly associated with weak offspring, stillborn births, congenital infections and reproductive failure in the flocks (Dubey et al., 1990; Corbellini et al., 2001; González-Warletta et al., 2014) , situation that matches with our results. Moreover, N. caninum induces fetal loss in ewes, mainly through lesions in the placentas, central nervous system and skeletal muscles from the infected lambs (Dubey and Lindsay, 1990) . Interestingly, the presence of peccaries was determined as a risk factor of N. caninum infection in sheep. In concordance with this finding, N. caninum-positive feral swine were reported in several areas of the United States of America (Bevins et al., 2013) . Tropical peccaries, as well as feral swine, may act as a reservoirs for encysted parasites, and when being preyed upon by wild canids (coyotes, wolves), oocysts may be scattered around cattle and small ruminant farms (Bevins et al., 2013; Cerqueira-Cézar et al., 2016) . However, the exact mechanisms involved in N. caninum transmission through wild and domestic swine, ruminants and canids are still unknown and deserve attention in further epidemiological studies.
The multivariate logistic regression model established that parasitoses caused by these apicomplexan agents were mainly influenced by the presence of bovines; despite this, Toxoplasma gondii infections are scarcely present in cattle; so bovine as a risk factor of ovine toxoplasmosis in Costa Rica can be explained through the ruminant sharing grazing system (Liu et al., 2015; Gazzonis et al., 2016; Villagra-Blanco et al., 2018) and the elevated contamination of the environment with T. gondii oocysts in mixed bovine/ovine flocks, especially under tropical conditions with continuous climate variations (Caballero-Ortega et al., 2008) and particularly considering that the oocyst transmission and its presence in raw meat from cattle and swine have been reported as the most important infection pathway of this parasite in Costa Rica (Arias et al., 1994 (Arias et al., , 1996 . Moreover, other alternative routes might explain this relationship, e.g. the close contact between sheep with infected faeces from cattle and other wildlife intermediary hosts, including in our case, peccaries, grey foxes and opossums, as it has been previously described in studies conducted in North and South America (Lindsay et al., 2001; Yai et al., 2003; Aston et al., 2014) .
Since toxoplasmosis represents a zoonotic disease with economic losses (Freyre et al., 1999) , and neosporosis causes reproductive failure in the sheep flocks (González-Warletta et al., 2014) , the improvement of the management measures in the ovine farms together with educative information for the sheep owners and further veterinary support will be necessary for the future control of infections caused by these apicomplexan parasites in the Costa Rican sheep flocks.
Conclusions
This study presents novel data determining seroprevalences of T. gondii (41.1%) and N. caninum (10.9%) in sheep flocks from Costa Rica. The presence of cattle, grey foxes and opossums were risk factors associated with T. gondii, meanwhile, the presence of peccaries was determined as a factor associated to N. caninum infection in Costa Rican sheep. This information pretends to be useful for the local veterinarians, human and animal health authorities as well as for farmers in order to develop and improve further control protocols against these apicomplexan parasites in Central America.
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